Abstract Hematopoiesis is the process by which blood cells (hemocytes) mature and subsequently enter the circulation and we have developed a new technique to culture the hematopoietic progenitor cells in vitro. The reason for the successful culture was the isolation of a plasma protein that turned out to be a novel cytokine, astakine 1 (Ast1) containing a domain present in several vertebrates, so-called prokineticins.
Abstract Hematopoiesis is the process by which blood cells (hemocytes) mature and subsequently enter the circulation and we have developed a new technique to culture the hematopoietic progenitor cells in vitro. The reason for the successful culture was the isolation of a plasma protein that turned out to be a novel cytokine, astakine 1 (Ast1) containing a domain present in several vertebrates, so-called prokineticins. Now we have detected several astakines from other invertebrate species. Depending on our discovery of the cytokine Ast1 we have an opportunity to study in detail the differentiation of cells in the hematopoietic tissue of a crustacean, a tissue of evolutionary interest for studies of the connection between the vascular system and the nervous system. We have been able to isolate the entire hematopoietic tissue and for the first time detected a link between this tissue and the brain. We have further localized a proliferation center in the tissue and characterized its different parts. We have also used this system to isolate a new hematopoietic factor CHF that is important in the crossroad between apoptosis and hemocyte differentiation. Our technique for culture of crayfish hematopoietic stem cells provides a simple tool for studying the mechanism of hematopoiesis, but also enables detailed studies of immune defense reactions. Further, the culture system has been used for studies of viral defense and the system is suitable for gene silencing which allows functional characterization of different molecules involved in host defense as well as in hemocyte differentiation.
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The hematopoietic tissue in crayfish
The freshwater crayfish Pacifastacus leniusculus has been used for several decades to study innate immunity and mainly the melanization reaction in crustaceans (Cerenius et al. 2010) . During all these years we have observed that the hemocyte number in the circulation of crayfish varies a lot. Various internal and external factors influence the number of circulating hemocytes over time in different ways, e.g. during a severe infection the number often falls at the beginning and then rises again if the animal survives (Söderhäll et al. 2003) . In order to understand how the regulation of hemocyte number operates, and especially how an infection might trigger this increase in hemocyte synthesis we started to investigate the hematopoietic process in P. leniusculus.
There are three major hemocyte types in this animal: the hyaline cells (HC, phagocytes); the semi-granular cells (SGC, involved in encapsulation and phagocytosis) and the granular cells (GC, main actors in melanization and antimicrobial defense). The SGC and GC both contain the proPO activating system (Lin and Söderhäll 2011) . These hemocytes can be easily separated by Percoll gradient centrifugation, which allows functional studies of the individual cell types (Söderhäll and Smith 1983) .
Earlier investigators have identified a tissue in the crayfish located at the dorsal side of the stomach as a site for hemocyte synthesis, and detailed TEM studies of this hematopoietic tissue (HPT) and the progenitor cells have been reported (Chaga et al. 1995 ). Now we have got more detailed knowledge about how the HPT is organized and we have recently published a paper about how the HPT is connected to the brain. We then localized a certain area, named as APC, anterior proliferation center that is responsible for high cell division and seems to be an important center for regulation of stem cell activity. Most important is also that we can isolate the whole tissue in one piece (Noonin et al. 2012 ).
In order to be able to study the differentiation of hemocytes in the HPT, an in vitro culture system seemed logical to use, as this tissue is likely to have proliferative ability (Söderhäll et al. 2003) . To test this, we first injected BrdU into the crayfish and then looked for proliferating cells in the HPT. As expected, the tissue was found to be loaded with proliferating cells, which was also confirmed by staining for mitosis with anti-phosphohistone antibodies (Söderhäll et al. 2003) . Thus, we started to pick out the HPT and released the individual cells by treating the tissue with a mixture of collagenases, since they are loosely held together in lobules of collagenous material. We further reasoned that the cells may need some components from the crayfish in order to survive and proliferate so we tried plasma, and as a result we could establish a cell culture system for these HPT cells (Söderhäll et al. 2005) .
Astakine a hematopoietic growth factor
Our first aim was to find any possible molecule or molecules that were of importance to the differentiation process. The HPT consists of lobules with densely packed precursor cells, and these cell types can be categorized into 5 types. Type 1, which is a common type in the APC, is the stem cell with large nuclei surrounded by a very thin layer of cytoplasm. Type 2 is also a proliferating cell and a SGC and GC precursor. Type 3 and 4 are GC precursors and finally type 5 is a SGC precursor. The HC are very rare in P. leniusculus and we are not really sure about their origin and differentiation pathway. A model for the differentiation process in HPT is shown in Fig. 1 .
We noticed that apoptosis was regularly occurring in the HPT and if we injected LPS or laminarin into the crayfish, apoptosis decreased and more cells were after an initial fall entering into the hemolymph. So stimulating hemocyte synthesis turned the cells away from apoptosis, and into the pathways to SGC and GC. Further, we could identify a RUNX transcription factor that was needed for the differentiation into these two cell types (Söderhäll et al. 2003) . However, prophenoloxidase (proPO) an important component of the innate immune system was found only in a very small population of the HPT cells (type 4) and is mainly a marker for mature hemocytes. For the culture we realized that a component of plasma was needed for proliferation but also to induce RUNX transcription in the cultured cells. We found that plasma from LPS-injected animals was far more effective in the culture while LPS itself did not have any effect showing that a factor was produced in the hemolymph by LPS stimulation, and specifically induced proliferation of the HPT cells. We could assay for this activity by measuring proliferation as BrdU incorporation but also more easily by looking at cell spreading.
Using a protein purification scheme we were able to isolate a responsible protein, purify it to homogeneity and identify its amino acid sequence. We named this new cytokine as astakine, and could show that this purified astakine was responsible for inducing proliferation. In addition, astakine could induce the differentiation process in vitro measured as induction of the RUNX transcription by in situ hybridization and RT-PCR. When we later analyzed plasma of LPS injected crayfish, we could confirm that this plasma contained far higher amounts of astakine when compared to plasma from untreated animals. Further, we went to live animals to confirm the effect of astakine on hemocyte synthesis, and showed that injection of purified or recombinant astakine into animals indeed resulted in a dramatic increase in total hemocyte count (THC). And more importantly if astakine was silenced by RNA interference the recovery of hemocytes after an LPS injection was not found and finally the animals would dye by lack of hemocytes (Söderhäll et al. 2005) .
What is astakine like? Sequence analysis of astakine shows that it contains a conserved PROK domain (pfam 06607) with 10 cysteine residues in the mature protein. It shows some homology with the PROK domain of the Bv8 peptides from frog and mammals. Later, we did clone a similar protein from shrimp (P. monodon), with an insert of 13 amino acids in the middle, and further we did find a similar protein in crayfish, and now these two proteins are named as Ast1 (for the first isolated form) and Ast2. Interestingly, the N-terminal sequence of all known vertebrate PROKs contain seven amino acids that are completely conserved and these are critical for receptor binding in vertebrates. This sequence is not present in the invertebrate astakines, and when we compare the structure of the astakines with the known gene structure of human PROK2 we can easily identify that human exon 2 and 4 share similarity with the astakine sequences. We have searched available databases and detected astakine-like sequences in a vast number of invertebrates, mainly in arthropods such as spiders, tics, crustaceans, scorpions and some insects. It is interesting to note that these molecules seem to be absent in diptera, coleoptera and lepidoptera (Lin et al. 2010 ).
Hemocyte lineage marker proteins
Next we asked, how does astakine induce the release of new hemocytes into the circulation. One first step then was to be able to distinguish the different pathways leading to the different hemocyte types. By a proteomic approach we could identify specific marker proteins for the SGC and GC. Proliferating cell nuclear antigen was detected as a marker for the dividing cells and for the SGC one Kazal type proteinase inhibitor was found to be specific, while an extracellular superoxide dismutase was specifically expressed by the G cell lineage (Wu et al. 2008) . Using these markers we could then show that Ast1 mainly was involved in stimulation of the SGC lineage since KPI was induced and also in vivo injection of Ast1 mainly induced increase in the number of SGCs. Ast2 on the other hand was shown to be involved in some way in regulating the G cell lineage, and more importantly be an important molecule involved in the light regulation of the hematopoietic process (Watthanasurorot et al. 2011 (Watthanasurorot et al. , 2013b . There are unfortunately no such things as crayfish mutants. To be able to perform real functional studies in the HPT cell culture we needed a method for gene silencing. Therefore we started to develop a method for RNA interference in the stem cell culture and it turned out to be very successful. We first tried several commercially available transfection agents such as Ca-phosphate, Lipofectin and Effectene and all these agents seemed to be useful in the sense of viability of the cells. However, they were all differently efficient when it came to gene silencing. The method that we came up with was to use Histone 2A as transfection agent a method that is very efficient in silencing, harmless to the cells and also very cheap (Liu and Söderhäll 2007) . By using this method we did find that one of the most common proteins present in the HPT, transglutaminase (TGase) a cross-linking enzyme that among other things is involved in the clotting reaction, has an important function in the hematopoietic process. By using the gene silencing technique we could demonstrate that TGase silenced cells started to spread and migrate. This phenotype reminded on the effect we see when Ast1 is added to the cells, so we went further to analyze TGase activity in Ast1 treated and control cell cultures. Thereby we could see that one clear effect of Ast1 is a decrease in extracellular TGase activity. Our conclusion is, that a decrease in TGase activity may be important in enabling a release of cells into the circulation, since one substrate for TGase is collagen, which is a main component of the extracellular matrix in the HPT. Interestingly we could also show that the TGase gene is regulated by GATA factors, which are known to be very important in hematopoietic regulation (Lin et al. 2008) .
Next, another strategy was applied to find out the mechanism by which Ast1 induces HPT cell proliferation. By using SSH, suppression subtractive hybridization, with or without Ast1 in the culture medium we could identify some transcripts that were highly upregulated by the presence of Ast1. One novel factor, named as the crustacean hematopoietic factor (CHF), was identified from the SSH library as dependent of Ast1 for its expression. CHF is a small cysteine-rich protein (*9 kDa) with high similarity to the N-terminal region of vertebrate CRIM1, and contains an insulin growth factor binding protein motif with unknown function. Silencing of CHF did not affect the renewal of HPT cells, but induced apoptosis. CHF is exclusively expressed in the blood cell lineage, and in vivo RNA interference experiments showed that knockdown of this gene results in severe loss of blood cells and a higher apoptotic rate in the HPT. In summary, CHF acts by blocking the road to apoptosis, and thereby Ast1 will turn the differentiation pathway into the SGC lineage.
HPT culture as a tool in immunology research
A second aim for the use of the HPT stem cell culture is to use it for studies of the innate immune defense against bacteria and virus. In our viral experiments we have used the WSSV (white spot syndrome virus) a large enveloped DNA virus with broad host range among arthropods as a model. First, Jiravanichpaisal et al. (2006) have established a reproducible model for viral replication in the HPT culture. We could also show that the morphology of the cells were severely affected by viral infection and that the virus really replicated by showing expression of structural genes such as the envelope protein VP28. We could further identify viral particles inside the cells by TEM . Moreover, the replication was dependent on temperature so that at 4°C no replication occurs, while 16 and 25°C are optimal, but if the temperature increases to 32°C the cells are not dividing and so the virus can not replicate either.
We have used this culture system to identify some factors involved in viral infection and antiviral defense, and some brief examples follow below. First we used SSH and could identify an ALF-like protein, an antilipopolysaccharide factor as was first found in horseshoe crab (Tanaka et al. 1982) . We used the cultured cells to knock down ALF and showed its importance for cell resistance to WSSV (Liu et al. 2006 ). Further we have revealed the function of gC1qR also known as p32 or mitochondrial matrix protein, and identified as the globular head of the C1q binding protein. Silencing of gC1qR makes the virus replicate more, and the addition of recombinant gC1qR blocks viral replication. We have now shown that this is somehow related to the apoptotic process. So the viral strategy is in some way to enable enough cells to use for their proliferation and the virus has to initiate this pathway. Here is gC1qR an important player (Watthanasurorot et al. 2010 , Watthanasurorot et al. 2013a ).
In conclusion, we have used a highly proliferative tissue such as the HPT that contains hematopoietic stem cells in order to establish a cell culture system to investigate several physiological processes in the animal. This culture system has enabled us to discover unknown regulators of differentiation as well as of new proteins involved in innate immunity.
